We calculate the charge current generated by a temperature bias between the two ends of a tubular nanowire. We show that in the presence of a transversal magnetic field the current can change sign, i.e., electrons can either flow from the hot to the cold reservoir, or in the opposite direction, when the temperature bias increases. This behavior occurs when the magnetic field is sufficiently strong, such that Landau and snaking states are created, and the energy dispersion is nonmonotonic with respect to the longitudinal wave vector. The sign reversal can survive in the presence of impurities. We predict this result for core/shell nanowires, for uniform nanowires with surface states due to the Fermi level pinning, and for topological insulator nanowires. PACS numbers: 73.23.b, 73.50.Lw, 73.63.Nm, 73.50.Fqi A temperature gradient across a conducing material induces an energy gradient, which in turn results in particle transport. In an open circuit, where no net current flows, a voltage is then generated when two ends of a sample are maintained at different temperatures -this is the Seebeck effect and the linear voltage response is known as thermopower. The hotter particles have larger average kinetic energy, and the net particle flow is therefore generally from the hot to the cold side. The thermopower and thermoelectric current can be positive or negative, depending on the type of charge carriers, i.e., electrons or holes.
A temperature gradient across a conducing material induces an energy gradient, which in turn results in particle transport. In an open circuit, where no net current flows, a voltage is then generated when two ends of a sample are maintained at different temperatures -this is the Seebeck effect and the linear voltage response is known as thermopower. The hotter particles have larger average kinetic energy, and the net particle flow is therefore generally from the hot to the cold side. The thermopower and thermoelectric current can be positive or negative, depending on the type of charge carriers, i.e., electrons or holes.
In comparison to this macroscopic case, the thermopower at the nanoscale has special characteristics. For example, if the energy separation between the quantum states of the system is larger than the thermal energy the thermopower may alternate between positive and negative values, depending on the position of the Fermi level relatively to a resonant energy, which can be controlled with a gate voltage. These oscillations were predicted a long time ago [1] , and subsequently experimentally observed in quantum dots [2] [3] [4] , and in molecules [5] . A sign change in the thermopower can also be obtained by increasing the temperature gradient and thus the population of the resonant level [6] [7] [8] [9] . In these examples the charge carriers are electrons and the sign change of the thermopower means that they travel from the cold side to the hot side, which may appear counterintuitive. Other nonlinear effects can occur if the characteristic relaxation length of electrons and or phonons exceeds the sample size [10] , because the energy of electrons and/or phonons is no longer controlled by the temperature of the bath, but by the generated electric bias, including Coulomb interactions [11, 12] .
Observing such negative thermopower at the nanoscale is difficult for at least two reasons: the currents tend to be small and it is hard to maintain a constant temperature difference across such short distances. Here we argue that a generic class of tubular nanowires, to be defined in more detail below, are ideal systems for both realizing and observing negative thermopower. Semiconductor nanowires are versatile systems with complex phenomenology attractive for nanoelectronics. In particular the thermoelectric current increases due to the lateral confinement compared to the values in the bulk material [13] . At the same time the thermal conductivity can be strongly suppressed in nanowires with a diameter below the phonon mean free path [14, 15] . These effects together lead to an increased thermoelectric conversion efficiency in the quasi-one-dimensional geometry.
In the tubular nanowires we are interested in, the conduction takes place only in a narrow shell at the surface, and not through the bulk. This is realized both in socalled core/shell nanowires (CSNs) and topological insulator nanowires (TINs). In CSNs this is a consequence of the structure, the wires being radial heterojunctions of two different materials, a core and a shell. When the shell is a conductor and the core is an insulator, because of the narrow diameter and thickness, typically 50-100 nm and 5-10 nm, respectively, quantum interference effects are present, which have been observed as Aharonov-Bohm magnetoconductance oscillations in longitudinal [16] and transversal [17] magnetic fields, and explained with ballistic transport calculations [18] [19] [20] . A tubular conductor can also be achieved with nanowires based on a single material, but with surface states radially bound due to the pinning of the Fermi energy [17] . In the case of TINs, the bulk material is an insulator, but with a topologically nontrivial band structure, that requires a robust metallic state at the surface [21, 22] . Magnetoresistance oscillations, both in longitudinal and transversal fields, were recently reported for TINs made of BiTeSe [23] [24] [25] [26] [27] [28] [29] .
In this paper, then, we consider electrons constrained to move on a cylindrical surface, in the presence of a uniform magnetic field transversal to the axis of the cylinder, and a longitudinal temperature bias. We demonstrate that in these systems a sign reversal of the thermoelectric current is obtained when varying the magnetic field or the temperature bias. Contrary to the cases of molecules and quantum dots, where the sign change of the current is a result of resonant states, in these tubular nanowires the effect is a consequence of a nonmonotonic energy dispersion of electrons vs. momentum. We further show that the sign reversal survives in the presence of a moderate concentration of impurities.
The predicted sign reversal of the thermoelectric current should be detectable in the above mentioned realizations of tubular conductors, but the magnitude of the anomalous current will depend on the specific system parameters. Considering tubular nanowires of 30 nm radius, infinite length, and magnetic fields of 2-4 T, we estimate the magnitude of the anomalous (negative) thermoelectric current as tens of nA. Thermoelectric transport in CSNs has been already studied in a couple of experimental papers. One recent work was the characterization of GaAs/InAs nanowires by thermovoltage measurements in those situations when electrical conductance does not provide information [30] . Another study demonstrated enhanced thermoelectric properties in Bi/Te CSNs via strain effects [31] .
Electrons constrained to a cylindrical surface, in the presence of a uniform magnetic field transversal to the axis of the cylinder, have two types of states: i) cyclotron orbits at the top and bottom of the cylinder, in the direction of the field, where the radial component of the field is nearly constant, and ii) snaking trajectories along the lateral lines where the radial component vanishes and flips orientation, such that the Lorentz force always bends the electron trajectory towards the line [32] [33] [34] [35] ; an illustration is provided in Fig. 1 . Such snaking states were studied earlier in the 90's in a planar electron gas in a perpendicular magnetic field with alternating sign [36] [37] [38] and found responsible for strong positive magnetoresistance in the presence of ferromagnetic microstrips [39, 40] . For our above-mentioned tubular nanowire the snaking states become ground states at nonzero wave vector, imposing a nonmonotonic energy dispersion.
To focus, we concentrate our detailed discussion on the case of CSNs; later we will demonstrate that the effects we find are universal and qualitatively the same results are obtained for TINs. We choose the coordinate system such that magnetic field is along the x axis, B = (B, 0, 0), the vector potential being A = (0, 0, By) = (0, 0, BR sin ϕ). In this case the Hamilto- nian can be written as
(1) In this example we consider material parameters for GaAs, i.e., effective mass m eff = 0.066 and g-factor g eff = −0.44, µ B being the Bohr magneton and σ = ±1 the spin label. For B = 0 the angular part of the Hamiltonian has eigenfunctions e iϕn / √ 2π, n ∈ Z, and the single electron energies are ordinary parabolas vs. the wave vector k which is defined by the longitudinal wave functions e ikz . These eigenfunctions define a basis set, |nkσ , which we use for B = 0 to diagonalize numerically (1). The convergence is reached with |n| ≤ 50.
The energy spectra for magnetic fields B = 2.0 T and B = 4.0 T are shown in Fig. 2 . Since the energy of the cyclotron states increases with B, at sufficiently strong fields the low energy bands have a nonmonotonic dispersion, with one maximum around k = 0 and two lateral symmetric minima. The central maximum corresponds to cyclotron orbits (precursors of Landau levels), and the lateral minima indicate the onset of snaking orbits. At any energy each dispersion curve yields a number of propagating modes. The usual situation is with one right moving mode, i.e., with k > 0, for a given energy. But for energies lying between the central maxima and lateral minima there are two right movers, and accounting for spin results in four in total. Because of the very small gfactor the spin splitting is not visible in the figure. When the energy slightly increases above the local maximum, one spin pair of propagation modes is excluded. Hence, the transmission, which in this case is simply the number of propagating modes times e 2 /h, drops two units. The behavior of the transmission function T (E) is seen in Fig. 3 , increasing, but also decreasing, in steps as a function of energy, as one would expect from opening and closing modes, respectively. This behavior will lead to the sign reversal of the thermoelectric current.
Such a nonmonotonic behavior of the transmission function is also known for quantum wires with Rashba spin-orbit coupling in a longitudinal magnetic field [41, 42] . However, the energy scales related to such nonmonotonic transmission are very small and can only be observed in high quality cleaved edge overgrowth samples [43] at temperatures ≈ 0.3 K. Very recently a similar effect has been observed in InAs nanowires with a stronger Rashba coupling [44] . In contrast, in the present case without spin-orbit coupling, the energy scales are much bigger, T (E) is not smeared out by temperature, and leads to a sign reversal of the thermoelectric current.
The charge current through the nanowire, driven by a temperature gradient, can be calculated using the Landauer formula T L/R . We consider a temperature bias, T R > T L , beyond linear response, and no potential bias, such that the difference of the Fermi functions changes sign at E = µ L = µ R . Coulomb interactions are neglected, which is a good approximation for widely open wires. If the transmission function T (E) increases with energy over the integration interval the thermoelectric current is positive, i.e., the electrons flow from the hot contact to the cold one. This is the normal situation. An anomalous negative current instead occurs if the transmission function decreases with energy, as shown in Fig. 3 . The energy integral is calculated numerically using the trapezoidal method. We keep the left reservoir at a fixed temperature, T L = 0.5 K, i.e., low, but non-zero as in experimental setups. By varying the temperature of the right reservoir we obtain the current as function of T R , as shown in Fig. 4 , where one can notice that the sign of the current may change both with T R or magnetic field. The anomalous current can be in the range of tens of nA, i.e., much larger than for quantum dots. The largest value shown in Fig. 4 is about -10 nA for B = 2 T and T R = 2.5 K. With a magnetic field of B = 4 T, yielding the energy spectrum of Fig. 2(b) , we could obtain, in the ballistic case, an anomalous current of nearly -60 nA at T R = 8 K, as shown in Fig. 5 .
The appearance of the anomalous current relies on nonmonotonic steps in the transmission function. For clean wires the steps are sharp, but in the presence of impurities the steps will get rounded. The transmission function in the case when impurities are included is obtained using the recursive Green's function method [45] . Here we simulate transport in a nanowire where the impurities are assumed to be short range,
where W is the impurity strength. We consider a fixed impurity configuration, i.e., no ensemble average. To some extent the results depend on the impurity configuration, as also seen in experiments. There the conductance can show complicated, but reproducible behavior for a given nanowire [46] , whereas the conductance for another nanowire will yield conductance whose structure (position of peaks, etc.) will be different [47] , but reproducible as well. The average density of impurities is chosen n imp = 3.0 nm −1 and the disorder strength W = 1.2 2 /(2m eff R 2 ). We consider repulsive impurities, W > 0, since negative values of W lead to a strong suppression of the conductance when electrons get bound at potential minima. The key point is that as long as the transmission function still shows the nonmonotonic steps the anomalous current is obtained. In Fig. 5 we compare the thermoelectric currents for the same magnetic field and chemical potential, in the ballistic case and with a fixed impurity concentration. Indeed, the magnitude of the anomalous current is reduced in the presence of impurities. It further drops for longer wires due to the increased number of scattering events, but it is still sizeable. Instead, the magnitude of the normal current increases with the number of scatterers. This is because the contribution of the transmission bumps decreases and the transition point I c = 0 shifts to lower and lower temperatures. Of course, if the nanowire is too dirty, such that the conductance becomes a series of transmission resonances due to quantum dotlike states [47] , the anomalous current will not be observable. However, even in that case the transport calculations based on elastic scattering reproduced well the thermopower measurements up to 24 K [47] . This makes us confident that inelastic collisions can also be neglected in our temperature range.
Having considered the CSN case in detail, we now briefly discuss the case of TINs. Such wires in a magnetic field have recently been studied extensively both theoretically [48] [49] [50] [51] [52] and experimentally [24] [25] [26] [27] [28] [29] 53 ]. In contrast to the Schrödinger fermions of the CSNs, the surface states of the topological insulator are Dirac fermions, de- scribed by the Hamiltonian [22, 48, 49] 
where v F is the Fermi velocity, and the spinors satisfy antiperiodic boundary conditionsψ(ϕ) = −ψ(ϕ + 2π), due to a Berry phase. It is convenient to diagonalize (4) using the same angular basis states as before, but because of the boundary condition n now takes half-integer values. An example of the energy spectrum is shown in Fig. 6(a) where, as in the CSN case, precursors of Landau levels around k = 0 are seen, both at negative and positive energy, and snaking states are visible at the edges. These states give rise to transmission that decreases with energy, as shown in Fig. 6(b) , and consequently to an anomalous thermoelectric current, as before, shown now in Fig. 6(c) . The TINs offer some further advances. For example, the surface states are robust to disorder, and the negative gradient in the transmission is also obtained at relatively strong disorder strengths.
In conclusion, an unexplored consequence of the coexistence of snaking and Landau states in tubular nanowires in a transverse magnetic field is that the transmission function is nonmonotonic with the energy, which implies that the thermoelectric current can be both positive and negative. The normal flow of electrons should be from the hot to the cold contact. Instead, in a magnetic field of a few Tesla and variable temperature of the hot source, here below 10 K, an anomalous flow occurs, from the cold lead to the hot lead, corresponding to tens of nA. This phenomenon can have applications to thermoelectric devices based on nanowires. In particular, the detection of the current reversal can be seen as an indication of the tubular distribution of the conduction electrons, which is crucial for topological insulator nanowires. The presence of snaking states has already been detected both in CSNs [17] and in TINs [23] , and hence the predicted anomalous current should be within the experimental reach. Identifying the general relationship between the thermocurrent and nonmonotonic transmission function can motivate the study of the anomalous current in other systems. This work was supported by: RU Fund 815051 TVD, ANCSI Grant PN16420202, MINECO Grant FIS2014-52564, and ERC Starting Grant 679722. or in a more compact form
where we have defined the slice Hamiltonian
and the slice coupling Hamiltonian
Note that V sl is not hermitian, and does not have to be, since the full Hamiltonian of the entire system contains both V sl and V † sl . This is well known in the case of a discretized 2D slab in a non-zero transverse magnetic field where V sl becomes complex via the Peierls substitution [54, 55] .
Since Eq. (A.8) is of the standard hopping or tight-binding type, one can follow standard methods outlined in e.g. Ref. 55 . Note that in the absence of magnetic field all the matrices become diagonal and the coupling will simply be determined by the standard tight-binding parameter t = 2 2ma 2 . Physically this means that the eigenmodes ϕ|n decouple, the different modes are independent and shifted in energy depending on the transverse quantization 
In the left and right parts of the system all the slice Hamiltonians, and slice couplings, are the same, H sl and V sl respectively, the self-energies can be calculated using a very fast, versatile algorithm [56] . Note that the self-energies only enter the slice Hamiltonians for slice i = 1 (Σ L ) and i = N (Σ R ). Once the self-energies are found, as a function of energy the Green's function in the central region can be found using the recursive Green's function method [55] . From the recursive algorithm one obtains G T (E) = tr{Γ L (E)G r (z 1 , z N )(E)Γ R (E)(G r (z 1 , z N )(E)) † }, (A.12) whereΓ α (E) = −i(Σ α (E) − (Σ α (E)) † ) for α = L, R.
Choice of lattice parameter a
In zero magnetic field the lattice version of the Green's function, Eq. (A.7) is diagonal in the angular basis, so the system consists of independent one-dimensional modes. The dispersion of a nearest neighbor tight binding system with coupling t = To use the discretization as an approximation to the continuum version, the value of a needs to be small enough such that Eq. (A.13) is close enough to the correct parabolic dispersion up to some relevant maximum value of k. A natural choice for the maximum value is k M = M R which corresponds to having parabolic dispersion up to transverse state M with energy 
